After the termination step of protein synthesis, a deacylated tRNA and mRNA remain associated with the ribosome. The ribosomerecycling factor (RRF), together with elongation factor G (EF-G), disassembles this posttermination complex into mRNA, tRNA, and the ribosome. We have obtained a three-dimensional cryo-electron microscopic map of a complex of the Escherichia coli 70S ribosome and RRF. We find that RRF interacts mainly with the segments of the large ribosomal subunit's (50S) rRNA helices that are involved in the formation of two central intersubunit bridges, B2a and B3. The binding of RRF induces considerable conformational changes in some of the functional domains of the ribosome. As compared to its binding position derived previously by hydroxyl radical probing study, we find that RRF binds further inside the intersubunit space of the ribosome such that the tip of its domain I is shifted (by Ϸ13 Å) toward protein L5 within the central protuberance of the 50S subunit, and domain II is oriented more toward the small ribosomal subunit (30S). Overlapping binding sites of RRF, EF-G, and the P-site tRNA suggest that the binding of EF-G would trigger the removal of deacylated tRNA from the P site by moving RRF toward the ribosomal E site, and subsequent removal of mRNA may be induced by a shift in the position of 16S rRNA helix 44, which harbors part of the mRNA.
R
ibosomes are responsible for translating genetic information carried by mRNAs into specific sequences of amino acids. Translation on the ribosome comprises of four main steps: (i) initiation, (ii) elongation, (iii) termination, and (iv) recycling. Recent advancements in structural studies of the translational machinery have helped elucidate binding positions and functions of various translational factors involved in various stages of initiation (1, 2) , elongation (3, 4) , and termination (5-7). The fourth step of translation requires binding of a dedicated protein factor, the ribosome-recycling factor (RRF), which in conjunction with elongation factor G (EF-G) helps removing the mRNA and last deacylated tRNA from the ribosome (see ref. 8) .
Atomic structures of RRF determined from five different species, including Escherichia coli, show that it is comprised of two structural domains: domain I, consisting of three long ␣-helix bundles, and the smaller domain II, which is an ␣͞␤ motif (9) (10) (11) (12) (13) . Different orientations of domain II in these structures have been attributed to interdomain flexibility, which is thought to be necessary for RRF to function on the ribosome (12) .
The overall match in dimensions between RRF and tRNA (9) prompted the proposal of structural and functional molecular mimicry between the two molecules (9) . In a recent study (14) using the hydroxyl radical probing (HRP) method, the orientation of RRF on the ribosome was derived. This study did not support the idea of direct molecular mimicry of tRNA by RRF, because the derived binding position of RRF was quite different from that one would expect based on structural mimicry. The inferred binding position of RRF overlaps with the binding positions of tRNA at both A and P sites, but in an orientation that puts the long axes of the two molecules in oblique directions. Here we present a three-dimensional cryo-electron microscopy (cryo-EM) map of the E. coli 70S ribosome-RRF complex at 12-Å resolution (8.4 Å by 3 criterion, see ref. 15 ). Our map directly shows a density attributable to RRF, in general agreement with the overall orientation of RRF inferred from the HRP study (14) . The main difference is the fact that our study places RRF further (by Ϸ5 Å) inside the intersubunit space of the ribosome, with domain II of RRF being oriented more toward the 30S ribosomal subunit. In addition, the tip of domain I of RRF is shifted (by Ϸ13 Å) toward protein L5 of the 50S subunit. Furthermore, our study reveals important conformational changes of the ribosome upon binding of RRF, and lends further support to a previously proposed mechanism (16, 17) of RRF action for disassembly of the posttermination complex.
tively, were initially picked and sorted into 19 and 23 groups, respectively, according to defocus (ranging from 1.4 to 4.4 m). Finally, only 35,156 and 51,217 images were retained, after visual and cross-correlation-based screening and removal of images from overrepresented groups among the initial set of 83 representative views of the ribosome, and these were used in the final reconstructions. The resolution of the final contrast transfer function-corrected three-dimensional maps, estimated by using the Fourier shell correlation with a cutoff value of 0.5 (see ref. 18 ), was 12.4 Å (or 9.1 Å by the 3 criterion; see ref. 15 ) for the control, and 12.0 Å (or 8.4 Å by 3) for the ribosome-RRF complex. The falloff of the Fourier amplitudes toward higher spatial frequencies was corrected as described (18) , using the small-angle x-ray solution scattering intensity distribution of the E. coli 70S ribosome.
Visualization and interpretation of the map, and docking of crystallographic structures, were performed by using SPIDER, IRIS EXPLORER (Numerical Algorithms Group, Downers Grove, IL), O (20) , and RIBBONS (21) . Cross-correlation coefficients (CCCs) between the fitted atomic structures of RRF and the corresponding cryo-EM density were calculated after converting atomic coordinates to EM densities and filtering them to the resolution of the cryo-EM map (see ref. 4) . The accuracy of fittings of atomic structures into cryo-EM maps has been estimated to be in the range of one-tenth of the resolution of the cryo-EM map (see ref. 22), which would yield Ϯ1.2 Å in the case of our results with RRF.
Results and Discussion
Location of RRF on the Ribosome. The cryo-EM map of the RRF-ribosome complex shows an additional mass of density in the intersubunit space (red in Fig. 1a ) when compared with the map of the empty ribosome (control). This extra mass is shaped as a twisted L (Fig. 1 ) and can be readily attributed to RRF. Along most of its length, the long arm of the L-shaped density makes contacts with the interface-canyon region of the 50S, whereas the density corresponding to the short arm is oriented toward the shoulder and the decoding region of the 30S subunit. The elbow between the two RRF domains faces the L7͞L12 stalk-base and the ␣-sarcin-ricin loop (SRL) region of the 50S subunit. At lower threshold values, the density corresponding to the short arm extends toward the stalk-base (green in Fig. 2 ) of the 50S subunit. This relatively weaker density is likely due to RRF-binding-related conformational change in the RRF as well as the ribosome. It is also possible that the weaker density originates from an alternative orientation of domain II of RRF in a smaller fraction of ribosome-RRF complex (but see below).
Conformational Changes of the Ribosome. We find that the binding of RRF induces conformational changes in several locations on the ribosome. Most significant changes are observed in the immediate vicinity of RRF-binding regions (Fig. 2) . The largest of the RRF-binding-related conformational changes is located between the elbow region of RRF and the L7͞L12 stalk-base region of the 50S subunit. Upon RRF binding, this region of the ribosome moves toward the intersubunit space by Ϸ10 Å (Fig.  2a ). This movement is in a direction similar to those observed previously upon binding of elongation factors (23, 24) and release factor 2 (6). The mass of density that appears (green in Fig. 2 ) at relatively lower density threshold setting could be associated with conformational changes in the stalk-base region, rather than being part of RRF (see below).
Other significant conformational changes involve the components of an important inter-ribosomal subunit bridge, B2a. This bridge is formed between 23S rRNA helix 69 and a top portion of 16S rRNA helix 44 (25) . Both these helices move toward the tRNA exit site of the ribosome (i.e., toward the protein L1 and platform sides, respectively, of 50S and 30S subunits in Fig. 2 b and c). Upon RRF binding, the tip of the helix 44 goes through a rotation (Ϸ18°) around the axis of the helix and a shift (Ϸ7 Å, Fig. 2c ), which are of similar magnitudes as reported previously upon binding of EF-G (26, 27) and IF1 (2) . The position of the tip of 23S rRNA helix 69 in RRF-bound and unbound maps are significantly different (Fig. 2b) . However, fitting of the x-ray structure corresponding to helix 69 (28) does not explain such a large rigid-body shift of the whole helix 69. Because a rigid-body fit of the x-ray structure of helix 69 cannot fully account for the shifted position of the corresponding density, we believe that the absence of a portion of helix-69 density in the RRF-bound map could be partly caused by its disordered apical loop. Whereas 16S rRNA helix 44 moves away from the RRF domain II (Fig. 2c) , 23S rRNA helix 43 moves closer to it (by Ϸ10 Å) (Fig. 2a) .
Comparison of Atomic Structures of RRF with Corresponding cryo-EM
Density. The L-shape of the RRF density in the cryo-EM map ( Fig. 1 ) is consistent with crystal (9, 11, 13) and solution (12) structures of RRF from various species. Independent docking of all these atomic structures into the EM density shows that the density is best explained by the crystallographic structure of the Thermotoga maritima RRF (Fig. 3 a and b) . The quality of the match between the atomic structure and the cryo-EM density was assessed by comparing the CCC values between the various Computationally separated RRF density superposed onto the 30S subunit. (c) RRF density superposed onto the 50S subunit. hd, head; sh, shoulder; sp, spur; pt, platform; L1, L1-protein protuberance; CP, central protuberance; St, L7͞ L12 stalk; Sb, stalk-base; SRL, ␣-sarcin-ricin loop; h and H followed by numbers identify the 16S and 23S rRNA helices, respectively; I and II, domains of RRF; asterisk, density of a tRNA in the P͞E state.
fitted and resolution-matched atomic structures, and the cryo-EM density ( Table 1) . Comparison of the x-ray crystallographic structure of the E. coli RRF (10) with the EM density shows that domain II in the x-ray structure is in an unusually extended position, perhaps because of use of a detergent during crystallization (10) . A rigid-body docking of the E. coli RRF x-ray structure into the cryo-EM map allows fitting of one domain at a time (i.e., when an optimum fit for domain I is obtained, a significant portion of domain II remains outside the cryo-EM density), which results in the low CCC value of 0.6 (Table 1) . However, a rotation of domain II around an axis that passes through amino acid residues G30 and P104, located in the previously proposed hinge region within the elbow of the RRF (9), to match with its orientation in T. maritima RRF structure, results in an overall excellent fit for both structural domains of E. coli RRF into the EM density. The improved fit is reflected by a higher CCC value of 0.79 (Table 1) .
We also explored an alternative rigid-body fit for all five atomic structures, in which domain II was oriented toward the stalk base of the 50S, taking into account the previously mentioned weaker mass of density (green mass in Figs. 2 and 3) . For a comparison between two fits shown in Fig. 3 b and c, one should compare CCC values in the second and fourth columns, respectively, of Table 1 . Because the alternative fits invariably produced a significantly lower CCC values (fourth and fifth columns vs. second and third columns, respectively), we believe that this orientation of domain II is unlikely. Therefore, henceforth, we discuss our results based on the orientation of RRF (Fig. 3 a and  b) that yields the highest CCC value.
Interaction Sites Between RRF and the Ribosome. In RRF, the ␣-helix 5 (see ref. 9) segment, encompassing amino acid residues 122-133 within domain I, together with its immediate neighbors on the ␣-helical bundle, helix 6, encompassing amino acid Arrows indicate the direction of movements of ribosomal mass upon RRF binding. Asterisk in a indicates a significant conformational change in the L7͞L12 stalk, which becomes a more defined, thick, and extended structure upon RRF binding, as also seen previously in the case of EF-G (37). Locations of two bridges (B2a and B3) before and after RRF binding are indicated as ovals with solid and broken lines, respectively. I and II, two structural domains of RRF. All other landmarks are the same as in Fig. 1.   Fig. 3 . Fitting of atomic structure of RRF into the cryo-EM density. (a) Stereo-view representation of the fitting of the x-ray structure of T. maritima RRF (domain I, pink; and domain II, violet) into the cryo-EM density (semitransparent red). In most part, the x-ray structure of RRF is embedded within the cryo-EM density, recognizable by altered hues of color for the two RRF domains (reddish pink for domain I, magenta for domain II), whereas very small portions of the x-ray structure that stick out of the cryo-EM density are visible in their original (pink or violet) colors. The cryo-EM density of RRF is shown at a lower threshold value as compared to the value used in Figs residues 161-165 (Fig. 4a) , appear to form the most stable connection with the ribosome, as the corresponding cryo-EM density remains visible at very high-density threshold values. It is likely that the corresponding portion of RRF constitutes the main ribosome-anchoring site.
Most of the contacts that are made between RRF domain I and the ribosome involve certain modified 23S rRNA bases, which either interact directly with RRF, or are present in the immediate vicinity of this factor. The amino acid residue E150, present near the tip of RRF domain I, makes contact with Fig. 3 a and b . † Two domains of RRF were fitted separately as two rigid bodies, in an overall orientation similar to that shown in Fig. 3 a and b . ‡ RRF atomic structure was fitted as one rigid body in an alternative position, taking the weaker mass of density into account, as shown in Fig. 3c . § Two domains of RRF were fitted separately as two rigid bodies, in an overall orientation similar to that shown in Fig. 3c . ¶ When two E. coli RRF domains were aligned according to their orientations in T. maritima atomic structure. All contacts of RRF with the ribosome were analyzed according to this fit. nucleotide G2253 within the apical loop of the 23S rRNA helix 80 (Fig. 4a) . Our map indicates a conformational change in the tip region of helix 80 (not shown), which likely involves the neighboring methylated base G2251 in this interaction. It should be noted that the G2253 is also known to interact with the CCA-end of the peptidyl-tRNA in the P site (29) . In the posttermination complex, the CCA-end of tRNA is already in the E site because it has released the peptidyl group with the help of release factor 1 or 2. Because RRF competes with N-acetyl phenylalanyl tRNA for the P-site (30) in the posttermination complex, it is conceivable that the absence of the CCA end of the P-site tRNA is a prerequisite for RRF binding. Based on the rigid-body fits of both RRF domains (i.e., without considering any intradomain rearrangements), we have identified certain amino acid residues of RRF that make contact with specific residues of the rRNAs. Highly conserved amino acid residues of RRF, E122-R133, interact with helix 69 of the 23S rRNA. Amino acid residues E122 and V126 make direct contacts with methyl-pseudouridine at position 1915, whereas V130 contacts an adenine residue at position 1916 (shown as a blue ball next to residue 1915) of the rRNA helix 69 (Fig. 4a) , with another pseudouridine present in the immediately adjacent position, 1917. Helix 71 of the 23S rRNA also makes tight contacts with the most conserved amino acid segment (E122-R133) of RRF: rRNA residues U1946 and C1947 with E122, G1945 with a highly conserved R129, and U1963 with R133; whereas the universally conserved neighboring amino acid residue, R132, lies within a van der Waals interaction distance of U1963. Helix 71 makes additional contacts with a segment of amino acid residues (Q161 and D165) on the C-terminal ␣-helix within domain I: C1941 with Q161, and U1943 and U1944 with D165. Again, the rRNA residues in the close neighborhoods of these contacts are modified bases, methyl-U1939 and methyl-C1962. Observation of an interaction of RRF, involving its C terminus, is consistent with genetic studies (31, 32) showing that this region of RRF is important for its occupancy on the ribosome.
Although no direct interaction with the 30S subunit is visible in the map, the possibility of an involvement of 16S rRNA helix 18 and protein S12, both of which lie within 6-8 Å of RRF, and 16S rRNA helix 44, which lies within 7-10 Å of RRF, cannot be ruled out. As a matter of fact, helix 44 moves upon RRF binding (Fig. 2c) .
Although the overall location of RRF derived in our cryo-EM study appears similar to that obtained from an interpretation of the HRP data (14) , the orientations of the RRF domains in the two studies are significantly different. For example, in our study, RRF domain II is oriented toward the 30S subunit (Fig. 1a) as compared to its orientation derived from the interpretation of HRP data (14) . In addition, RRF in our study is situated more (by Ϸ5 Å) inside the intersubunit space, and oriented such that tip of its domain I is shifted more toward protein L5 within the central protuberance (by Ϸ13 Å; see supporting information, which is published on the PNAS web site) of the 50S subunit. However, our results satisfy most of the data obtained with the HRP (see supporting information), i.e., probed amino acid residues of RRF and target rRNA residues fall within the allowed range (20-50 Å) of the HR probe. If we place RRF according to the alternative fit (Fig. 3c) , which invariably produces a significantly lower CCC values (Table 1 , fourth and fifth columns vs. second and third columns, respectively), domain II would occupy an intermediate position between its positions derived from the HRP study (14) and the present study (Fig. 3b , also see supporting information).
Binding Position with Respect to the Binding Sites of tRNAs and EF-G.
RRF interacts with the ribosome in a functional state with empty A and P sites on the 50S subunit, but with a deacylated tRNA expected to be present in an intermediary P͞E position (14) . Comparison of the RRF-binding position with previously determined positions of tRNAs (25, 33) shows that the upper half of domain I of RRF overlaps with the CCA arms of the A-and P-site tRNAs, whereas the tip of RRF domain II partially overlaps with the anticodon arm of the A-site tRNA (Fig. 5a ). This observation is in line with inferences drawn from previous biochemical studies, which indicate that RRF occupies both the A (30, 34) and P (30) sites. In our map, we see a strongly bound tRNA (density marked by an asterisk in Fig. 1c ) in a P͞E position (ref. 35 ; also see supporting information), indicating that RRF does not compete for this site in its initial binding on the ribosome (14, 16) . We have also obtained a preliminary cryo-EM map of a complex of RRF with puromycin-treated polysomes, a natural substrate for RRF binding, which shows the same binding position of RRF (M.R.S., C. Barat, S. Raj, A.K., and R.K.A., unpublished data), as obtained in the present study.
The fact that RRF works in concert with EF-G has been established (8, 36) . Our analysis shows that RRF and EF-G share overlapping binding positions on the ribosome (Fig. 5b) . The elbow of RRF is found in an overlapping position at the junction of domains III, IV, and V of EF-G (23, 37), whereas RRF domain II occupies an overlapping position with domain IV in the GDP state of EF-G (Fig. 5b) . Even though RRF has a structure and dimension similar to a tRNA (9) , its orientation on the ribosome is strikingly different from those of tRNA and tRNA-mimicking domains of EF-G, indicating that the direct molecular-mimicry hypothesis (9) is not tenable for RRF. However, the fact that RRF is moved by EF-G (16) before it releases mRNA strongly suggests a conceptual similarity between EF-G-dependent movements of RRF and tRNAs on the ribosome. In a, the 30S subunit is situated below the 50S subunit such that head of the 30S subunit and the CP of the 50S subunit face the viewer, whereas in b, the solvent side of the 30S subunit faces the viewer.
